We study the effect of Zn alloying on the hydrogen desorption properties of Mg(BH4)2 using ab initio simulations. In particular, we investigate formation/reaction enthalpies/entropies for a number of compounds and reactions at a wide range of temperatures and Zn concentrations in Mg1−xZnx(BH4)2. Our results show that the thermodynamic stability of the resulting material can be significantly lowered through Zn alloying. We find that e.g. the solid solution Mg 2/3 Zn 1/3 (BH4)2 has a reaction enthalpy for the complete hydrogen desorption of only 25.3 kJ/mol H2-a lowering of 15 kJ/mol H2 compared to the pure phase and a corresponding lowering in critical temperature of 123 K. In addition, we find that the enthalpy of mixing is rather small and show that the decrease in reaction enthalpy with Zn concentration is approximately linear.
I. INTRODUCTION
Metal borohydrides are amongst the most promising hydrogen storage materials, [1] [2] [3] [4] [5] as they have some of the highest storage densities. Unfortunately, the hydrogen desorption temperature for the most attractive borohydrides is too high for on-board storage, where it should be below 85
• C. 6, 7 Thus, borohydrides have been studied intensely in order to lower their desorption temperature. Destabilizing via reactions with other hydrides has been suggested, [8] [9] [10] [11] as well as simple doping, 12, 13 cation substitution, 14 anion substitution, 15 or adding catalysts 16 -but unfortunately, the results still fall short of the required DOE targets. 6 The borohydride Mg(BH 4 ) 2 is of particular interest; it has substantial storage density of 14.9 mass% and its decomposition has been shown to be fully reversible under certain conditions, 17 but it completes its first major intermediate step around 570 K and doesn't fully desorb until it reaches temperatures around 820 K.
11, 18 If we can lower its desorption temperature, it might be one of the few materials to satisfy the DOE targets. The desorption temperature is determined by the thermodynamics and kinetics of the desorption reaction. Although it is generally believed that kinetics is the "culprit" in the case of Mg(BH 4 ) 2 , 19 it is still desirable to first optimize the thermodynamics before addressing the kinetic barrier.
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In the present manuscript, we investigate the thermodynamics of the desorption of Mg(BH 4 ) 2 and the dramatic effect Zn alloying has on it.
We have recently become aware of some very nice work also studying Mg/Zn borohydride solid solutions, and will use this opportunity to compare our results with theirs and point out similarities and differences. 20 Further simulations have been performed studying the desorption of Mg(BH 4 ) 2 , 21,22 but without accounting for van der Waals contributions, known to be necessary to achieve the correct energetic ordering among polymorphs of Mg(BH 4 ) 2 ;
23,24 we will thus compare our results of the desorption pathway with other works to ascertain the effect of van der Waals interactions. We also argue that given the minimum practical delivery pressure from storage system of 3 bar, the overall desorption reaction is, in fact, outside the ideal thermodynamic window of −40
• C to +85
• C, 6 but can be brought there by alloying with Zn. We also find a linear relationship between the overall hydrogen desorption enthalpy and Zn concentration in Mg(BH 4 ) 2 .
Borohydrides are complex hydrides, in which tetrahedral anion units, such as [BH 4 ] − and [AlH 4 ] − , are bound to more electropositive cations, such as Li, Na, K, Mg, and Ca. The ionic bonding and charge transfer between the cations and the anion units is a key feature of the stability of these hydrides. 25 Targeting this feature, the desorption temperature of Mg 2 NiH 4 was successfully lowered by destabilizing it through cation substitution.
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The same can also be achieved by altering the anion complex, as demonstrated with fluorine substitution in the hydrogen sublattice of Na 3 AlH 6 .
1, 15 More generally, an extensive experimental study revealed an almost linear correlation between the desorption temperature T d in K and the Pauling electronegativity χ P as well as the hydrogen desorption reaction enthalpy ∆H r in kJ/mol H 2 :
The study included data for M(BH 4 ) n with M = Li, Na, K, Mg, Zn, Sc, Zr, and Hf, 25 and was later extended by Ca, Ti, V, Cr, and Mn.
27 Zn(BH 4 ) 2 stands out in that it has the lowest temperature for full decomposition of only 410 K.
28 Zn(BH 4 ) 2 itself is thermodynamically unstable at room temperature and produces diborane gases in its decomposition reaction-it is thus not directly interesting for hydrogen storage. But, as we will argue below, Zn is an ideal alloyant for the Mg(BH 4 ) 2 system, forming Mg 1−x Zn x (BH 4 ) 2 , with remarkable effects. Zn alloying of Mg(BH 4 ) 2 is supported by the following facts: (i) Zn alloying has been found experimentally to significantly lower the decomposition temperature; 20, 29 (ii) Zn alloying lowers the decomposition temperature 25 simplifying the hydrogen desorption reaction significantly; and finally (vi) Zn is an abundant major industrial metal.
II. COMPUTATIONAL DETAILS
In order to study the thermodynamics of Mg(BH 4 ) 2 and the effect of Zn alloying, we need the enthalpies and entropies for all materials suspected in the decomposition of Mg(BH 4 ) 2 . To this end, we performed ab initio simulations at the DFT level, as implemented in Vasp, 32, 33 to calculate the ground-state energies and phonon densities of states. We used PAW pseudopotentials with a 650 eV kinetic energy cutoff and an energy convergence criterion of 10 −7 eV. We used k-point meshes giving convergence to within 1 meV/atom, with the exception of the metallic compounds and elemental boron, which were converged to within 3 meV/atom. This yielded a k-point mesh of e.g. 5 × 5 × 4 for small unit cells like MgB 2 and a mesh of 1 × 1 × 1 for large unit cells like Mg(BH 4 ) 2 . Structures were relaxed with respect to unit-cell parameters and atom positions until all forces were less than 0.1 meV/Å. This way, we found the lowest-energy structure of boron to be the 106 atom β-rhombohedral structure suggested by van Setten et al. 34 Phonons were calculated with the symmetry-reduced finite-displacement method with displacements of 0.015Å. Supercells were created such that they were the same dimensions as the k-point mesh used for the original unit cell. The exceptions were the metals Mg and Zn, whose phonons were calculated with a 5 × 5 × 2 supercell and a 3 × 3 × 4 k-point mesh.
While the ground-state structure of Mg(BH 4 ) 2 is experimentally known to be of P6 1 22 symmetry with 30 formula units per unit cell, theoretical studies with a variety of exchange-correlation (XC) functionals find numerous other structures, all disagreeing with experiment.
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The reason for this is that Mg(BH 4 ) 2 -similar to other borohydrides 35 -exhibits a small but important contribution from van der Waals interactions, on the order of 0.1 eV per BH 4 unit. Including those contributions via the XC functional vdW-DF 36,37 -with the (semi)local XC as originally defined in Ref.
[38]-we were the first to find the correct ground-state structure in agreement with experiment. 24 We further found that the closely related P3 1 12 structure is less than 1 meV per atom higher in energy. This structure has only 9 formula units per unit cell and the local coordination is almost identical to the P6 1 22 structure, resulting in almost identical phonon densities of states. Thus, in the present study we are using vdW-DF and the numerically feasible P3 1 12 struc- 
III. RESULTS

A. Storage Densities
The gravimetric storage density of Mg(BH 4 ) 2 will decrease with increasing Zn content, as can be seen in Fig. 1 . But, as we shall see below, only modest alloying is necessary to achieve the required effect, and the loss in gravimetric density is reasonable. On the other hand, the volumetric density increases with increasing Zn content. The "bump" or deviation from linear behavior, observed in Fig. 1 around 50% Zn concentration, is also seen in the work of Albanese et al., 20 and may be indicative of the formation of a superstructure.
B. Structural Stability and Ionic Character
We begin by analyzing the structural stability in terms of the ionic character as a function of Zn concentration. As mentioned above, the ionic bonding is a key feature of the stability of borohydrides. In Table I we quantify this picture and present a Bader charge analysis as a function of Zn concentration, using the fast implementation proposed by Henkelman et al. 39 Note that the Bader analysis, similarly to the Mulliken analysis, is an intuitive (but not unique) way of partitioning the electron charge. Interestingly, even for the pure Mg(BH 4 ) 2 structure, the ionic character significantly deviates from the nominal values of +2 and −1. As expected, the ionic character diminishes as a function of Zn concentration due to the higher electronegativity of Zn, approximately 0.06 e per 10% Zn. A more detailed analysis of the charge density reveals the following: While the direct effect of Zn is localized, hydrogens further away from Zn get a small compensating charge if they are within a tetrahedra next to a Zn. Through this mechanism, even low levels of alloying influence almost the entire structure. In Table I we also show the Pauling electronegativity χ P as a function of Zn concentration and the corresponding estimated desorption temperatures T d according to Eq. (1). Purely based on this experimentally found connection for borohydrides, we can already estimate that modest Zn alloying might reduce the desorption temperature on the order of 100 K. In the remainder of this paper, we will quantify this empirical estimate.
C. Thermodynamics of the Hydrogen Desorption at 1 Bar Hydrogen Pressure
We now move to the main point of this paper, i.e. the thermodynamics of the hydrogen desorption and the effect of Zn alloying. To this end, we calculate the temperature dependent vibrational contribution to the enthalpy and entropy as
where ω is the vibrational frequency, g(ω) is the phonon density of states, T is the temperature, and k is Boltzmann's constant. The enthalpy then is the sum of the DFT ground-state energy and this vibrational contribution. Formation enthalpies, in turn, are calculated as differences in enthalpies of the material and its constituent elements (thus, elements in their natural state have formation enthalpies of 0). From this, we calculate enthalpies and entropies of reaction, using formation enthalpies and absolute entropies of all materials (tabulated in the appendix). For reactions involving Zn alloying (Reactions 2, 3, and 13 in Table II ), the entropy of mixing was calculated according to
where c is the concentration of Zn; this entropy of mixing was added to the entropy of reaction calculated from vibrational frequencies, resulting in e.g. a decrease in reaction entropy of ∼ 5 J/K/mol H 2 and a corresponding increase in the critical temperature of ∼ 10 K. Note that all structures we found are true local minima and none of the density of states show imaginary frequencies.
Following the approach of van Setten et al., 22 the temperature-dependent thermodynamic values of H 2 were obtained using experimental data. 40 In particular, we used H H2 gas (T ) = E H2 + E ZPE H2 + H exp H2 gas (T ), where the electronic energy E H2 and zero-point energy E ZPE H2
were calculated using DFT and the last term was taken from experiment. 40 Specifically, data was taken from H 2 at 1 bar for increments of 100 K with values in between being linearly interpolated. Note that the enthalpy of H 2 changes very little over moderate pressure changes (e.g. the change in enthalpy going from 1 to 100 bar at 300 K is only 0.114 kJ/mol), meaning our formation enthalpies should be useful even when looking at high pressures. The entropy of hydrogen gas used to calculate the entropies of reaction in Table II and the reactions at 3 bar discussed later on were likewise taken from the same experimental data. 40 For reference, the entropies of H 2 at 300 K for 1 and 3 bar are 130.77 and 121.63 J/K/mol H 2 , respectively. Note that the entropy of hydrogen gas for other pressures can be accurately estimated by the equation S H2 = −R ln p + S 0 , where p is the pressure in bar and S 0 is the entropy at 1 bar.
The overall energy required for the hydrogen decomposition reaction to start can be split into two pieces, i.e. the reaction enthalpy and an additional kinetic barrier. We argue that the latter is similar for the initial hydrogen release of many decomposition reactions of borohydrides and focus first on the reaction enthalpies. with respect to its reaction products by accounting for the long-range van der Waals forces. Comparison of our results for other decomposition reactions with previous studies shows similar agreement, with differences on the order of several kJ/mol H 2 due to vdW-DF. Although accounting for long-range van der Waals forces has been found to be critical to finding the correct energetic ordering among polymorphs in borohydrides, 23, 24 it seems to affect total reaction enthalpies by only several kJ/mol H 2 at the most.
Reactions 1 -4 of Table II show the effects of Zn alloying on the overall reaction enthalpy. We find the effect to be linear and every 10% Zn results in a further lowering of the desorption enthalpy by approximately 4.5 kJ/mol H 2 , as can be seen in Fig. 2 . Zn alloying thus provides a convenient way of tuning the desorption enthalpy over a wide range. Note that the desorption enthalpy of Reactions 2 and 5 are approximately the same, but the important difference is that the alloyed phase releases the entire hydrogen, while the latter only releases half of the available hydrogen. Furthermore, note that Reactions 1 -4 are different from the decomposition modeled in Ref. [20] in that we model the entire hydrogen release, i.e. the outcome is MgB 2 + 4H 2 , whereas they assume the intermediate MgH 2 . For comparison, we have modeled their reaction also (Reaction 13 in Table II) to also compare the two corresponding "pure" reactions, i.e. Reaction 1 and 12. The reaction enthalpy for the entire hydrogen release in Reaction 1 is, in fact, a little lower compared to Reaction 12, which led us to pursue the pure reaction pathway. 
Thermodynamically, as seen in Reaction 9, the most favorable pathway after the formation of 21, 49 Furthermore, the temperature evolution of the reaction products also supports this reaction pathway: MgH 2 appears first, then Mg without MgH 2 , and finally MgB 2 . Equation (6) also corresponds to the mass% of hydrogen desorbed for certain temperatures held for long periods of time. Yan et al. found that just over 8 mass% of H 2 desorb after 1000 min at 573 K; this corresponds almost exactly to the expected value of 8.1% for Eq. (6). 47 It is also worth noting that it took over an hour before even 4 mass% of H 2 was desorbed, and the curves for lower temperatures never equilibrated after 1000 min. Due to the sluggish kinetics of this step of the reaction it is difficult to see the individual reaction steps in a typical thermogravimetry curve; by the time only a fraction of Mg(BH 4 ) 2 has undergone the first step of the reaction, the temperature has increased so that the second step of the reaction has already begun. However, we can see further evidence for the proposed reaction pathway by the results of Matsunaga et al., who found that Mg(BH 4 ) 2 could be rehydrogenated from 11% to 8% at 623 K, which corresponds to the rehydrogenation of Mg to MgH 2 (see Fig. 6 of Ref. [50] ).
We also find that the previously suggested decomposition of MgB 12 H 12 to MgH 2 and elements shown in Reaction 10 to be unfavorable as a second step of the reaction, with a critical temperature of 744 K, and suggest the decomposition of MgH 2 (T c = 592 K) as occurring before 20 our calculated value of 30.5 kJ/mol H 2 is in exact agreement with their result of 30 kJ/mol H 2 . Note that our enthalpy and entropy used for 20% Zn-alloyed Mg(BH 4 ) 2 were calculated from a linear interpolation of our thermodynamic data; this is valid because the change in enthalpy and entropy values with Zn concentration is nearly exactly linear (see the appendix). It is interesting to see that, when we interpolate our results for Reactions 1 -4 to a Zn concentration of 1/5 to match the concentration in Reaction 13, we find a reaction enthalpy and entropy of 31.46 kJ/mol H 2 and 112 J/K/mol H 2 , leading to a critical temperature T c = 281 K, which is essentially the same as for Reaction 13 in Table II . Although our results for Reaction 13 agree with the work done by Albanese et al., our work can be seen as an extension of the theoretical part of that study, as we have actually calculated the full thermodynamic data-including reaction entropies-instead of interpolating them. We have done so for their proposed partial decomposition (Reaction 13) and in addition for a large number of other reactions (Reactions 1 -11), including the full hydrogen decomposition as well as others that can easily be deduced from the tabulated thermodynamic data in our appendix.
D. Thermodynamics of the Hydrogen Desorption at 3 Bar Hydrogen Pressure
From the results above it follows that kinetics is not the only problem with Mg(BH 4 ) 2 , as the reaction from Mg(BH 4 ) 2 to MgB 2 has a calculated critical temperature of 360 K (86
• C). Note that this critical temperature was calculated at 1 bar H 2 pressure, while the minimum DOE target for delivery pressure is around 3 bar; the critical temperature at 3 bar is 430 K (157
• C), well outside the optimal thermodynamic window. Furthermore, while Zuttel et al. have argued that the entropic contribution to metal hydride reactions is approximately 130 J/K/mol H 2 for most simple metalhydrogen systems, 51 lower values can occur for complex metal hydrides, such as 97 J/K/mol H 2 for LiBH 4 → LiH + B + 3/2H 2 .
9 It seems likely then that Mg(BH 4 ) 2 also has a lower than normal entropy of reaction, in agreement with our calculated values in Table II , given its similarity to LiBH 4 . Because of this comparatively low value for the reaction entropy, even the commonly cited value of 40 kJ/mol H 2 is too high for a practical PEM fuel cell. In fact, using our calculated entropy value, for a minimum delivery pressure of 3 bar and temperature of 80
• C, the maximum desired enthalpy is 33 kJ/mol H 2 . Also note that while the estimated desired reaction enthalpy for a hydrogen storage material is 20-50 kJ/mol H 2 (for reactions with low to high entropic contributions), the ideal range for efficiency is 20-30 kJ/mol H 2 .
7 All of this points towards the conclusion that Mg(BH 4 ) 2 needs to be destabilized with respect to its reaction products in order to achieve the ideal thermodynamic reaction window. E.g. in the case of 1/3 Zn alloying, we find a reaction enthalpy of 25.3 kJ/mol H 2 and a critical temperature of 270 K (−3
• C) at 3 bar, both in the ideal range for a PEM fuel cell. This is based on the suspected decomposition reaction Mg 1−x Zn x (BH 4 ) 2 → Mg 1−x B 2(1−x) + Zn x + 2B x + 4H 2 . We find this to be the most likely reaction as Zn(BH 4 ) 2 "decomposes directly to elemental Zn due to instabilities of Zn hydride and boride," 25 and we find Zn-alloyed MgB 2 to be unstable and expect it to phase separate to MgB 2 , Zn, and B based on preliminary calculations. Of course, for high concentrations of Zn, we expect the formation of diborane, as seen experimentally by Albanese et al. and Kalantzopoulos et al., 20, 29 but for low concentrations of Zn it is known that diborane is not formed.
E. Kinetics of the Hydrogen Desorption and overall Desorption Temperature
We now switch to a discussion of the kinetic barrier. By comparing our calculated critical temperatures T c with the known experimental temperatures of hydrogen desorption T d , 11, 18, 28, 47 we can make a rough estimate of the kinetic barrier, given in Table II . Interestingly, from Eq. (2) we see that-by definition-borohydrides with ∆H r = 0 have a kinetic barrier of 423.4 K; using the same argument but a slightly different fit (see footnote 26), we find a kinetic barrier of 439.4 K. Borohydrides with ∆H r ≈ 0, such as Zn(BH 4 ) 2 , thus must have a kinetic barrier of the same order of magnitude, in very good agreement to our calculated value of 445 K for Zn.
From Table II we see that the kinetic barrier for the full hydrogen release reaction is almost the same for Mg(BH 4 ) 2 and Zn(BH 4 ) 2 , which in turn means that differences in calculated critical temperatures in Table II approximately result in the same differences for the overall desorption temperature. We thus estimate a decrease of desorption temperature of Mg(BH 4 ) 2 when alloying with Zn for Reaction 1 of approximately 123 K for 1/3 Zn concentration and 262 K for 2/3 Zn. Note that we obtain almost identical numbers using a different argument: Simply evaluating the experimental relationship in Eq. (2), purely based on our calculated changes in enthalpy, gives a lowering of the desorption temperature of
From our results we see that the formation of the intermediate MgB 12 H 12 is mainly responsible for the kinetic barrier, and methods to improve the kinetics of borohydrides should focus on reaction pathways avoiding the formation of this intermediate, as suggested by several other groups. 17, 18, 47 Because the kinetic barrier is roughly constant, at least for the full hydrogen release reaction, we do not expect alloying to have a direct impact on the height of the kinetic barrier. But, it is really the overall energy required to start the hydrogen desorption that is of interest-and that linearly decreases with Zn concentration. Note that the reaction kinetics can, at least in principle, be accelerated by using catalysts or by controlling the particle size of reactants.
9 Furthermore, it is also conceivable that the kinetics of the dehydrogenation reaction can be influenced by the inclusion of impurities, as studied by van de Walle's group.
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IV. CONCLUSIONS
In summary, ab initio calculations were performed to accurately determine formation enthalpies for many different materials suspected in the decomposition of Mg(BH 4 ) 2 , to find reaction enthalpies for the most likely reaction pathways, and to study the effect of Zn concentration on the overall desorption reaction. We find that the overall thermodynamics of the desorption reaction can be optimized by alloying Mg(BH 4 ) 2 with around 33% Zn. We estimate that in this case the temperature for the complete decomposition reaction is lowered by 123 K. Verifying the kinetics explicitly through ab initio calculations is difficult and is the subject of ongoing research. Supported by encouraging experimental results, 20, 29 we conclude that alloying Mg(BH 4 ) 2 with Zn is an ideal option for fine-tuning the desorption reaction without sacrificing too much gravimetric storage density.
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Appendix A: Standard enthalpies of formation
We give here standard enthalpies of formations for all structures used throughout the main manuscript, calculated from DFT ground-state energies with temperature and zero-point contributions included through Eq. (3). Units of temperature T and enthalpy ∆H are given in K and kJ/mol, respectively. We used experimental data for the temperature contributed enthalpy of H 2 gas. Values are given for all 10 alloying levels of Mg(BH 4 ) 2 from 0/9 to 9/9. Units for temperature T and enthalpies ∆H are K and kJ/mol, respectively. Values are given for all 10 alloying levels of Mg(BH 4 ) 2 from 0/9 to 9/9. Units for temperature T and entropy S are K and J/K/mol, respectively. T S(0/9) S(1/9) S(2/9) S(3/9) S(4/9) S(5/9) S(6/9) S(7/9) S(8/9) S(9/9) 25 
